Antimicrobial peptides were isolated from a phage display peptide library using bacterial magnetic particles (BacMPs) as a solid support. The BacMPs obtained from "Magnetospirillum magneticum" strain AMB-1 consist of pure magnetite (50 to 100 nm in size) and are covered with a lipid bilayer membrane derived from the invagination of the inner membrane. BacMPs are easily purified from a culture of magnetotactic bacteria by magnetic separation. Approximately 4 ؋ 10 10 PFU of the library phage (complexity, 2.7 ؋ 10 9 ) was reacted with BacMPs. The elution of bound phages from BacMPs was performed by disrupting its membrane with phospholipase D treatment. Six candidate peptides, which were highly cationic and could bind onto the BacMP membrane, were obtained. They exhibited antimicrobial activity against Bacillus subtilis but not against Escherichia coli and Saccharomyces cerevisiae. The amino acid substitution of the selected peptide, KPQQHN RPLRHK (peptide 6-7), to enhance the hydrophobicity resulted in obvious antimicrobial activity against all test microorganisms. The present study shows for the first time that a magnetic selection of antimicrobial peptides from the phage display peptide library was successfully achieved by targeting the actual bacterial inner membrane. This BacMP-based method could be a promising approach for a high-throughput screening of antimicrobial peptides targeting a wide range of species.
Cationic antimicrobial peptides are part of the innate immunity of many species, including humans. The antimicrobial peptides were expected to be novel sources of antibiotics to treat multidrug-resistant bacteria due to the different antimicrobial mechanisms from nontraditional antibiotics. They show low toxicity for the host but rapid effects against gram-negative and gram-positive bacteria. Most cationic antimicrobial peptides consist of 12 to 50 amino acids and have a net positive charge of Ͼ2 due to excess arginine and lysine residues and ϳ50% hydrophobic amino acids. These peptides can interact with the outer leaflet of the bacterial membrane, which has negatively charged phospholipids, and can cross or penetrate the membrane, resulting in cell lysis subsequent to the formation of pores (37) .
Recently, the screening of antimicrobial peptides from a phage display peptide library has been conducted for its specific binding properties, using whole Escherichia coli cells and Eimeria acervulina sporozoites as targets (7, 24) . However, these methods contained troublesome and tedious operations, such as washing the cell membrane and loosely bound phages with detergent, collecting microbial cells with bound phages by centrifugation, and phage eluting by a detergent or acidic buffer at pH 2.2. The use of detergents and acidic solutions may cause damage to the microbial cell membrane, resulting in a lower recovery of microbial cells and/or bound phages. Furthermore, antimicrobial peptides integrated into the membrane cannot be efficiently eluted by the elution conditions described above. Until now, little information on the efficient screening of antimicrobial peptides targeting the actual membrane has been reported. Recently, a bead-based process to overcome these disadvantages has been proposed, using liposome-conjugated magnetic beads (34) and lipopolysaccharide (LPS)-conjugated epoxy beads (11) . The benefit of using the bead-based process was realized by more efficient reactions and washes. The use of a bead-based process could simplify the bound/free separation. Furthermore, because beads have a high surface area-to-volume ratio, this enables us to enhance the efficiency of peptide binding in biopanning.
Our research group has demonstrated the application of bacterial magnetic particles (BacMPs) obtained from "Magnetospirillum magneticum" AMB-1 as magnetic supports for biomolecules (1, 12, 16, 19, 21, 22, 35, 36) . BacMPs are easily purified from a culture of magnetotactic bacteria by magnetic separation using a permanent magnet. BacMPs are 50 to 100 nm in size and enveloped by a lipid bilayer membrane. The lipid bilayer membrane of BacMPs was shown to be derived from a cytoplasmic membrane in magnetotactic bacteria (27) . Recently, a specific integration of an antimicrobial peptide, temporin L, into the BacMP membrane has been observed (31) . The peptide temporin L was originally isolated from the red frog Rana temporaria as a cationic peptide with antimicrobial activity (26) . The basic amino acids in temporin L played an important role in its integration into the BacMPs. In contrast, other cationic peptides, such as the ribotoxin L3 loop (14) and the arginine chain peptides (8) , which have translocation activity against a eukaryotic cell membrane, were not integrated into the BacMP membrane. These results suggest that the use of BacMPs as a solid support will be useful for the selection of antimicrobial peptides targeting the bacterial membrane.
In this study, efficient selection of membrane-bound peptides from the phage display peptide library was demonstrated by using BacMPs. Prior to peptide screening, a recovery method for bound phages from the BacMP membrane was established by disrupting its membrane with phospholipase D (PLD) treatment. Six peptides, which were highly cationic and could bind onto the BacMP membrane, were obtained as candidates. The antimicrobial activity of selected peptides was then evaluated. Furthermore, the effect of the substitution of hydrophilic residues in a selected peptide on antimicrobial activity was investigated.
MATERIALS AND METHODS

Preparation of BacMPs.
The magnetotactic bacterium M. magneticum AMB-1 was cultured microaerobically in magnetic spirillum growth medium (3) at room temperature for 6 to 7 days. The stationary-phase cells were centrifuged at 11,344 ϫ g for 10 min at 4°C, resuspended in phosphate-buffered saline (10 mM, pH 7.4), and disrupted by three passes through a French press at 1,500 kg/cm 2 (Ohtake Works Co., Ltd., Tokyo, Japan). BacMPs were magnetically isolated from disrupted cell fractions using a neodymium-boron (Nd-B) magnet. The BacMPs were washed 10 times with HEPES (2-[4-(2-hydroxyethyl)-1-iperazinyl]-ethanesulfonic acid) buffer (10 mM, pH 7.4) and 3 times with HEPES buffer containing 1 M sodium chloride to electrostatically remove membrane surface proteins attached to BacMPs. The BacMPs (1 mg) were suspended with 1 U proteinase K (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in HEPES buffer for 30 min at room temperature with pulsed sonication (1-min sonication at 10-min intervals for 30 min) to further remove membrane proteins (31) . The BacMPs were separated magnetically from the reaction mixture using an Nd-B magnet and washed five times with HEPES buffer (10 mM, pH 7.4). To determine the surface protein content on the BacMP membranes, purified BacMPs were treated with 7 M urea, 2 M thiourea, 4% (wt/vol) CHAPS (3-[(3-chloramidopropyl)-dimethylammonio]-1-propanesulfonate), and 40 mM Tris-based solution overnight at 4°C. The proteins in the supernatant were measured by the Bradford method (4).
Lipid extraction from BacMP membrane by PLD. In order to recover phage bound to BacMPs, BacMPs were suspended in 10 mM Tris buffer (pH 8.0) containing 100 U/ml PLD (Sigma Chemical Co., St. Louis, MO), 150 mM sodium chloride, and 100 M calcium chloride and incubated for 1.5 h at room temperature with agitation. To confirm membrane removal, the remaining membrane on BacMPs was extracted by a mixture of chloroform-methanol (2:1) as described by Kates (10) and finally dissolved with chloroform. The membrane fraction was analyzed by thin-layer chromatography (TLC) using a silica gel plate (Silica Gel 60F254; Merck, Tokyo, Japan) with chloroform-methanol-water (65: 25:4, vol/vol/vol) as the development solvent and detected by Dittmer reagent (25) .
Selection of BacMPs binding phage. The experimental procedure for the biopanning using BacMPs is presented in Fig. 1 . The Ph.D.-12 phage display peptide library kit with a complexity of 2.7 ϫ 10 9 (New England BioLabs, Beverly, MA) was used for six rounds of affinity selection. Selection against the BacMP membrane was performed by incubating approximately 4 ϫ 10 10 PFU of the library phage (complexity, 2.7 ϫ 10 9 ) with BacMPs (300 g) in 50 mM Tris buffer containing 150 mM sodium chloride and 0.1% Tween 20 (pH 7.5) for 1 h at room temperature with agitation. The BacMPs were washed five times with HEPES containing 1 M sodium chloride and magnetically separated from nonspecific phages. Then, the BacMP membrane was disrupted by PLD treatment as described above, and the phages associated with the BacMP membrane were recovered from the supernatant after the magnetic separation of BacMPs. To propagate phages for the second round, an aliquot of the supernatant (220 l) containing the phage was added to 20 ml of exponentially growing E. coli ER2738 culture and incubated for 4.5 h at 37°C. After bacterial cells were removed by centrifugation at 9,100 ϫ g for 10 min twice, 1/6 (vol/vol) of PEG solution (20% polyethylene glycol 8000, 2.5 M sodium chloride in distilled water) was then added to the supernatant containing the phages and incubated overnight at 4°C to precipitate the phages. The phages were precipitated by centrifugation at 9,100 ϫ g. The pellets were suspended in Tris-buffered saline (TBS) containing 0.02% sodium azide and used for the next round of biopanning. Phage titering was performed according to the manufacturer's instructions (Ph.D.-12 instruction manual, New England BioLabs, Beverly, MA).
Sequencing of phage DNA. Phages obtained after the final round of selection were plated on agar plates, and clones were randomly selected for DNA isolation. The recovered phages (0.05 l) were mixed with 200 l of exponentially growing E. coli ER2738 cells, and the mixture was suspended in the top agarose layer (3 ml, 45°C) and incubated on an LB (1% Bacto-Tryptone, 0.5% yeast extract, 0.5% sodium chloride) agar plate containing X-Gal (5-bromo-4-chloro-3-inodyl-␤-D-glucuronic acid) and IPTG (isopropyl-␤-D-thiogalactopyranoside) overnight at 37°C. Plaque-forming phages (positive phages) were randomly selected at each round (14 to 48 clones) and amplified in E. coli ER2738 cells. After purification of phages by precipitation using PEG solution, the DNA sequences of individual phages were analyzed.
Peptide synthesis. Nonlabeled peptides were synthesized by a standard 9-fluorenylmethoxycarbonyl-based solid-phase method with a peptide synthesizer (PSSM-8; Shimadzu Corp., Kyoto, Japan), purified by high-performance liquid chromatography and analyzed by mass spectrometry (LCQ Deca XP; Thermo Electron Corp., Chicago, IL). Deprotection of the N terminus protecting group (9-fluorenylmethoxycarbonyl) was achieved by 30% piperidine in dimethylformamide. The side chain amine of the lysine, arginine, and glutamine molecules is protected by a Boc group, a Pbf group, and a Trt group, respectively, all of which were deprotected by trifluoroacetic acid including 2.5% (vol/vol) m-cresol, 7.5% (vol/vol) ethanedithiol, and 7.5% (vol/vol) thioanisole. Labeled peptides with fluorescein isothiocyanate (FITC) at the C terminus were synthesized by Invitrogen Japan K.K. (Tokyo, Japan). Protean (Lasergene; DNAStar Inc., Madison, WI) was used to predict the pI. The total hydropathy index (THI) of peptides was calculated based on the hydropathy index of each amino acid (13) .
Evaluation of BacMP-peptide binding. FITC-labeled peptides (final concentration, 30 M) were mixed with BacMPs (350 g/ml) in HEPES buffer for 30 min at room temperature with pulsed sonication. After washing five times with HEPES containing 1 M NaCl, the fluorescence intensity of FITC-labeled peptides on BacMPs was measured using a spectrofluorometer (excitation, 495 nm; emission, 520 nm). The fluorescence intensity was expressed in arbitrary units.
Evaluation of antimicrobial activity. The antimicrobial activity of the peptides was investigated against Escherichia coli K-12 as a model gram-negative bacterium and against Bacillus subtilis (BGSC 1A1) as a model gram-positive bacterium. Antimicrobial peptides showing antimicrobial activities frequently have toxicity to eukaryotic cells, including human cells. To evaluate the effect of selected peptides on eukaryotic cells, Saccharomyces cerevisiae (NRBC 0224) was also investigated as a model eukaryote. Each final concentration of peptides (0.1, 1, 10, or 100 M) was added to 10 5 CFU/ml of cells diluted with TBS. After incubation for 1 to 8 h at 37°C, the samples were diluted with TBS, spread on LB or YPG (1% Bacto-Tryptone, 0.5% yeast extract, 2% glucose) agar plates, and incubated overnight at 37°C. The antimicrobial activity of each peptide was evaluated via CFU. The number of CFU per milliliter was calculated from the average colony number of three plates.
Assessment of hemolytic activity. Cationic peptides showing antimicrobial activities frequently cause hemolysis; i.e., they are toxic to human cells. To evaluate the possibility that the selected peptides can cause the hemolysis of red blood cells, hemolytic activity was examined as follows: 2% goat erythrocytes (Nippon Biotest Laboratories Inc., Tokyo, Japan) were washed once and resuspended in TBS. The erythrocyte solution was incubated with 100 M of peptides for 1 to 8 h at 37°C. The samples were then centrifuged at 800 ϫ g for 5 min. The increase in absorbance upon hemoglobin release in the supernatant was evaluated by measuring the absorbance at 550 nm (A 550 ) using a spectrophotometer (ALOKA Co., Ltd., Tokyo, Japan). The increase of A 550 when 1% Triton X-100 was added is defined as 100%.
Hemolytic activity. Hemolytic activity was determined using the following equation: (A 550 in the presence of peptide Ϫ initial A 550 )/(A 550 in the presence of 1% Triton X-100 Ϫ initial A 550 ) ϫ 100. 
RESULTS
Preparation of BacMPs for extracting phages. The BacMPs were suspended with proteinase K to remove membrane proteins. To clarify the protein and lipid contents of BacMPs before and after proteinase K treatment, proteins and lipids on the surfaces of BacMPs were quantified. The BacMP membrane contained 32 g proteins and 188 g phospholipids per mg particles. Among them, 31 g of the membrane proteins was removed by proteinase K treatment (Table 1) . On the other hand, TLC analysis showed that the phospholipids on BacMPs remained unchanged after proteinase K treatment ( Fig. 2A ; Table 1 ), in which phosphatidylethanolamine (PE) and an unidentified phospholipid were detected. These results suggest that the surface proteins on the BacMP membrane were efficiently removed by proteinase K treatment. The amount of protein that remained on BacMP was expected to be negligible for the following peptide screening.
Furthermore, the lipid content on the BacMP membrane was evaluated before and after PLD treatment.
After the PLD-treated BacMPs were magnetically separated, the remaining lipid on the BacMP surface was further extracted with chloroform-methanol (2:1). The sample solution was applied to a TLC plate. TLC bands of phospholipids extracted from the BacMP membrane were almost undetectable after PLD treatment (Fig. 2B) . Phosphatidic acid, which was the product generated by the hydrolysis of phospholipids by PLD, was slightly detected. These results indicated that the BacMP membrane was efficiently hydrolyzed and released into the supernatant. Therefore, PLD treatment was used for membrane extraction and phage elution in the following experiments.
Selection and characterization of BacMP membrane-bound peptides. To select specific peptide sequences against the BacMP membrane, DNA sequences of 180 positive phages were analyzed from the first through sixth rounds (Fig. 1) . However, a high frequency of a specific motif was not observed in the peptides. On the other hand, DNA sequencing indicates that the proportion of cationic peptides from randomly selected phage clones, which had pI values above 10, increased along with the panning process ( Table 2) . These results indicated that affinity selection was successfully accomplished. After 6 rounds of panning, six different peptides, including 5-24, 6-2, 6-7, 6-8, 6-17, and 6-45, were obtained as candidate peptides ( Table 3 ). All of the peptides had complete matched peptide sequences in multiple clones. The THI of peptides was calculated based on the hydropathy index of each amino acid according to the method of Kyte and Doolittle (13) . The amino acid sequences of candidate peptides (5-24, 6-2, 6-7, 6-8, 6-17, and 6-45) showed hydrophilic properties, with 8 to 25% hydrophobic amino acids. All of the candidate peptides showed antimicrobial activity against only B. subtilis, but not against E. coli and S. cerevisiae (Fig. 3) . In contrast, no antimicrobial activity against all test microorganisms was observed when peptides 2-2, 2-20, 3-1, 3-4, 3-15, and 3-22 were used. These To provide additional support for the identified peptides binding to the BacMPs, the binding of peptides onto BacMPs was examined using synthesized peptides labeled with FITC. All of the peptides, which showed antimicrobial activity against B. subtilis (i.e., peptides 5-24, 6-2, 6-7, 6-8, 6-17, and 6-45), bound onto the BacMP surface (results not shown). Among them, peptide 6-7 showed the highest binding capacity against the BacMP membrane.
Effect of amino acid substitutions on antimicrobial activity. In order to improve the antimicrobial activity of a selected peptide, 6-7, the substitution at specific sites of the peptide was performed using peptide 6-7 as a template, which showed the highest binding capacity against the BacMP membrane. Proline, glutamine, and asparagine or histidine were substituted with phenylalanine, valine, or tryptophan, respectively (peptides 6-7/2 to 6-7/7) ( Table 4 ). The THI by Kyte and Doolittle (13) showed that hydrophobicity increased with the substitutions. The antimicrobial activity of peptides 6-7/5 and 6-7/7 at 100 M against B. subtilis was 1.1 ϫ 10 4 times higher than that of the unmodified peptide 6-7 (Fig. 4A) . The obvious activity was observed by incubating 1 or 10 M of the modified peptides for 1 h, while no significant activity was obtained by incubating 100 M of peptide 6-7 for 4 h (Fig. 3C) . The modified peptide 6-7/5, where proline was substituted with phenylalanine and glutamine/asparagine was substituted with valine, showed a much higher level of activity than peptides 6-7/2 and 6-7/3. This phenomenon indicated that specific amino acids did not affect the antimicrobial activity. A more remarkable increase of the antimicrobial activity was observed in peptide 6-7/7 by further substituting histidine into tryptophan, resulting in slightly greater hydrophobicity. The antimicrobial activities of peptide 6-7/7 at 1 M were 2.6 ϫ 10 2 times higher than those of the unmodified peptide 6-7 (Fig. 4A) . These results suggest that an amphiphilic feature of modified peptides was considered a possible reason for antimicrobial activity. Furthermore, the binding assay of FITC-labeled peptide with the BacMP membrane indicated that higher binding onto the BacMP membrane may be related to the antimicrobial activity (Fig. 4B) .
A similar tendency was observed when E. coli and S. cerevisiae were used as targets (Fig. 5) . The CFU of S. cerevisiae was reduced 10 3 -fold by incubating with peptide 6-7/7 at 100 M for 8 h (Fig. 5B) . In contrast, lower activity was observed against E. coli (Fig. 5A) 5 CFU/ml of cells. After incubation for 1 to 8 h at 37°C, the samples were spread on an agar plate and incubated overnight at 37°C. F, peptide 5-14; f, peptide 6-2; OE, peptide 6-7; E, peptide 6-8; Ⅺ, peptide 6-17; ‚, peptide 6-45. a Amino acids are given in the one-letter code. Basic amino acids and substituted amino acids are bold and underlined, respectively.
b THI of peptides was calculated based on the hydropathy index of each amino acid.
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on July 7, 2017 by guest http://aem.asm.org/ siae. The lower activity was expected to be due to the inhibitory effect of LPS on the E. coli cell surface. To confirm the effect of LPS on the antimicrobial activity against E. coli, bacterial cells were treated with a chelating agent, EDTA, prior to the peptide addition to disrupt the stabilizing effect of the outer membrane. A remarkable increase in antimicrobial activity was observed after the 1 mM EDTA treatment. These results indicated that the lower level of activity against E. coli was due to the inhibitory effect of LPS. All modified peptides scarcely exhibited hemolytic activity against goat erythrocytes by incubating for 4 h at 100 M (Table 5 ). These activities were much less than those of antimicrobial peptide LL-37, which indicated 10% hemolytic activity by incubating for 1 h at 60 M (5).
DISCUSSION
Until now, little information on the efficient screening of antimicrobial peptides targeting bacterial cells has been reported, although high-throughput screening using liposomeconjugated magnetic beads was recently reported (34) . In this study, a magnetic selection of antimicrobial peptides using bacterial cell membrane on BacMPs obtained from a magnetotactic bacterium was demonstrated. The BacMPs consist of pure magnetite (Fe 3 O 4 ) enveloped with a stable lipid membrane, which is 5-to 6-nm thick, indicating formed unilamellar vesicles. It was suggested that the BacMP membrane was derived from the invagination of the inner membrane in the gram-negative bacterium M. magneticum AMB-1 (21) . The lipid bilayer membrane of BacMPs was shown to be derived from the cytoplasmic membrane in magnetotactic bacteria (27) . The major lipids are phospholipids, fatty acid chains within the range of 12 to 18 carbons (20) . PE accounted for approximately 50% of the total phospholipids present. Because negatively charged phospholipid membranes were the main target for antimicrobial peptides, the BacMP membrane is regarded as an ideal model for screening antimicrobial peptides.
On the other hand, phage elution from the membrane is a fundamental process for peptide screening. An acid treatment is commonly used for phage elution. However, acid treatment was not suitable for this study because antimicrobial peptides probably bound onto the membrane by both electrostatic and hydrophobic interactions. Therefore, lipid extraction was required to recover membrane-associated phages. Several methods for the extraction of lipids from the BacMP membrane, such as chloroform-methanol (2:1) (20) or 1% sodium dodecyl sulfate treatment with boiling (1), have been established; however, these methods were also not suitable for phage elution 5 CFU/ml of cells. After incubation for 1 h at 37°C, the samples were spread on an agar plate and incubated overnight at 37°C. F, peptide 6-7 (original); f, peptide 6-7/2; OE, peptide 6-7/3; E, peptide 6-7/5; Ⅺ, peptide 6-7/7; ‚, temporin L (positive control). (B) Fluorescence intensity of FITC-labeled peptides bound onto BacMPs. FITC-labeled peptides (final concentration, 30 M) were mixed with BacMPs (350 g/ml) in HEPES buffer for 30 min at room temperature with pulsed sonication. After washing the FITClabeled peptides five times with HEPES containing 1 M NaCl, the fluorescence intensity of FITC-labeled peptide on BacMPs was measured using a spectrofluorometer (excitation, 495 nm; emission, 520 nm).
FIG. 5. CFU of E. coli (A) and S. cerevisiae (B) on agar culture medium after addition of modified peptides. The modified peptides (final concentration, 100 M) were added to approximately 10 5 to 10 6 CFU/ml cells. After incubation for 1 to 8 h at 37°C, the samples were spread on an agar plate and incubated overnight at 37°C. F, peptide 6-7 (original); f, peptide 6-7/2; OE, peptide 6-7/3; E, peptide 6-7/5; Ⅺ, peptide 6-7/7. a Goat erythrocytes (2%) were incubated with 100 M peptides at 37°C. The absorbance increase by hemoglobin release in the supernatant was evaluated. The increase of A 550 by the addition of 1% Triton X-100 was defined as 100%. Triplicate measurements for each experiment were performed.
because of fatal damage to the bound phages by these detergents or organic solvents. Therefore, PLD treatment was employed as a mild method of extracting lipid membranes and eluting phages from BacMPs in this study.
Six cationic peptides (5-24, 6-2, 6-7, 6-8, 6-17, and 6-45) showed antimicrobial activity against only B. subtilis, not against E. coli and S. cerevisiae (Fig. 3) . Furthermore, no hemolytic activity was observed under the same conditions. This phenomenon agreed with the relatively higher level of activity of cationic antimicrobial peptides against prokaryotes (17, 37) , especially gram-positive bacteria that lack LPS (23) . On the other hand, BacMP membrane originating from the inner (cytoplasmic) membrane in gram-negative bacteria (21) , which is composed mainly of negatively charged phospholipids, was used for peptide screening. Therefore, selected peptides could tightly bind to the microbial membrane by electrostatic interaction but not by penetrating the outer membrane or inserting into the cell membrane, resulting in no antimicrobial activity against E. coli and S. cerevisiae.
In general, the position of the basic amino acids in the sequence and the number of hydrophobic amino acids between the charged residues affect antimicrobial activity (2) . Furthermore, aromatic amino acids, such as phenylalanine or tryptophan, have been found at the membrane interface to stabilize peptide in the membrane (33) . Recently, analysis of antimicrobial peptides by a complete substitution library revealed that alanine and proline, in addition to acidic amino acids, do not affect their activity (9) . Based on the knowledge described above, the modification of peptide 6-7 was performed by substituting hydrophilic amino acids with hydrophobic amino acids or aromatic amino acids. The basic amino acids, lysine and arginine, which can easily bind to negatively charged membranes, were localized on the N or C terminus of the peptides (Table 3) . Furthermore, another basic amino acid, histidine, was present in many copies, although the expected frequency of histidine was calculated as 3.1% in the Ph.D. library. Therefore, the histidine residues may contribute to the electrostatic interaction between the peptides and the BacMP membrane. However, a high frequency of a specific motif was not observed in the peptides.
There are two hypothesized reasons to justify the high binding of the selected peptides to the bacterial cell membrane. Firstly, the obtained peptides bound onto the BacMP membrane under the conditions when the electrostatic interactions between the membrane and highly cationic peptides were cancelled. Previous reports indicated that highly cationic peptides, the ribotoxin L3 loop (pI, 11.4), and the arginine chain peptide (pI, 13.1) could bind the BacMP membrane by electrostatic interactions but were completely removed from the membrane by being washed with HEPES buffer containing 1 M NaCl. The peptides obtained in this experiment were still bound onto the BacMP membrane under the same conditions. These results suggest that the peptides were tightly bound onto the BacMP membrane.
The second reason was due to the antimicrobial characteristics of the peptides. The obtained peptides showed higher activity against the gram-positive bacterium Bacillus subtilis. In general, a lower level of activity of antimicrobial peptides against eukaryotes is observed because the outer leaflet of the eukaryotic cell membrane is stabilized by cholesterol, weakening the net negative charge (17, 37) . Furthermore, the antimicrobial peptides bind the negatively charged LPS of gramnegative bacteria which serves as a barrier to prevent the arrival of peptides in the inner membrane (23) . These tendencies were well suited to the results shown in Fig. 3 . In order to confirm the barrier effect of LPS in E. coli, the effect of disrupting the outer membrane by EDTA on antimicrobial activity against E. coli was investigated. EDTA is thought to chelate magnesium ions from the LPS of the outer membrane of gramnegative bacteria, causing the outer cell surface to become more permeable (6) . The antimicrobial activity was increased 10-fold when 100 M of peptides was incubated at 37°C (data not shown). This result also supports the hypothesis described above that the selected peptides showed high levels of binding activity against the microbial cell membrane.
The antimicrobial activity of selected peptides was improved by substituting amino acids and increasing the hydrophobicity. The modified peptides exhibited little hemolytic activity. On the other hand, amphiphilic (i.e., cationic and hydrophobic) peptides, which potentially showed broad spectra against microorganisms, were not obtained by the first screening from the random peptide library using BacMPs. One of the possible reasons was due to the association of these peptides with hydrolyzed lipids, resulting in the lower infection efficiency of the phages to E. coli cells. However, our proposed method, i.e., the first screening of membrane-bound peptides from the random peptide library using BacMPs and the subsequent substitution of amino acids in the peptides, will be one powerful approach to obtain the antimicrobial peptide efficiently.
The lipid bilayer imparts BacMPs with better dispersion qualities than those of artificial magnetic particles, and superior dispersion permits various applications of BacMPs. Antibody and DNA have been fixed on BacMPs and applied to automated immunoassays (29, 30, 32) and DNA detection systems (15, 18, 28) as magnetic supports. The fully automated system with BacMPs allows simultaneous execution and will be applied to the peptide screening using BacMPs in future work.
